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ABSTRACT
We report an early science discovery of the 12CO(1-0) emission line in the collisional ring
galaxy, VII Zw466, using the Redshift Search Receiver instrument on the Large Millimeter
Telescope Alfonso Serrano.The apparent molecular-to-atomic gas ratio either places the ISM
of VII Zw466 in the HI-dominated regime or implies a large quantity of CO-dark molecular
gas, given its high star formation rate. The molecular gas densities and star formation rate
densities of VII Zw466 are consistent with the standard Kennicutt-Schmidt star formation law
even though we find this galaxy to be H2-deficient. The choice of CO-to-H2 conversion factors
cannot explain the apparent H2 deficiency in its entirety. Hence, we find that the collisional
ring galaxy, VII Zw466, is either largely deficient in both H2 and HI or contains a large mass
of CO-dark gas. A low molecular gas fraction could be due to the enhancement of feedback
processes from previous episodes of star formation as a result of the star-forming ISM being
confined to the ring. We conclude that collisional ring galaxy formation is an extreme form of
galaxy interaction that triggers a strong galactic-wide burst of star formation that may provide
immediate negative feedback towards subsequent episodes of star formation—resulting in a
short-lived star formation history or, at least, the appearance of a molecular gas deficit.
Key words: galaxies: individual: VII Zw466, galaxies: evolution, galaxies: formation, ISM:
molecules
1 INTRODUCTION
Drop-through or collisional ring galaxies are unique astrophysi-
cal objects in that the physical mechanism that drives the ring
formation — that of expanding density waves— are very well-
understood. The process of star formation plays a vital role in the
evolution of galaxies. In collisional ring galaxies, the star formation
within the ring is a result of the interaction-triggered density waves
which compress the cold gas in the galaxy’s interstellar medium
(ISM) (e.g. Lynds & Toomre 1976; Wong et al. 2006).
Similar to the prototypical collisional ring galaxy, the
Cartwheel galaxy (A0035-33; e.g. Appleton et al. 1996;
Higdon et al. 2015), VII Zw466 is a collisional ring galaxy
in a compact galaxy group with two other massive companion
⋆ E-mail:ivy.wong@uwa.edu.au
galaxies (see Figure 1). However, this is where the similarity
ends. VII Zw466 has been classified as an empty ring (RE) galaxy
and the result of an off-centre collision (Mapelli & Mayer 2012;
Fiacconi et al. 2012), while the Cartwheel is likely a product of a
nuclear collision (Appleton & Marston 1997). Also, observations
have found VII Zw466 to consist of an ISM with solar metallic-
ities (Bransford et al. 1998). Hence, the combination of the ring
formation process and the metallicity suggests that VII Zw466 is
more similar to AM0644-741 (Higdon et al. 2011) and NGC 922
(Wong et al. 2006). An HI bridge connects VII Zw466 and its
southern companion, G2 (see Figure 1; Appleton et al. 1996). Ta-
ble 1 presents the general optical and HI properties of VII Zw466
(Romano et al. 2008; Appleton et al. 1996).
Galaxy interactions can increase the density of H2 molec-
ular gas and lead to strong bursts of star formation (e.g.
Henderson & Bekki 2016). However, previous CO observations
c© 2016 The Authors
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Table 1. General properties of VII Zw466 from Romano et al. (2008),
Appleton et al. (1996) and de Vaucouleurs et al. (1991).
Property
Right ascension (J2000) 12:32:04.4
Declination (J2000) +66:24:16
Distance (DL) 207 Mpc
Heliocentric velocity 14,490 km s−1
Ring diameter 21.8 kpc
Stellar mass 4.83× 1010 M⊙
HI mass 4.1× 109 M⊙
SFR 7.8 M⊙ year−1
have found collisional ring galaxies to be relatively deficient
in molecular gas (e.g. Horellou et al. 1995). More recently,
Higdon et al. (2011) has found evidence for enhancement in the
rate of photodissociation of the molecular H2 in these galaxies.
That is, the destruction of 12CO(1-0) appears to be more efficient
relative to the molecular clouds within the star-forming disks of
other field galaxies whose star formation is not triggered by the
compression of the ISM (Higdon et al. 2011). Such extreme ‘over-
cooked’ ISM is likely to be dominated by small clouds and results
in the underestimation of H2 from 12CO(1-0) observations when
using the standard XCO conversion (Higdon et al. 2011).
Typically, N(H2) = XCOSCO where N(H2) is the H2 col-
umn density in units of cm−2 and SCO is the integrated 12CO(1-0)
line intensity in K km s−1 (e.g. Bolatto et al. 2013). The alterna-
tive 12CO(1-0)-to-H2 conversion factor is αCO where the molec-
ular gas mass, MMOL = αCO × LCO (Bolatto et al. 2013) where
LCO = 2453SCO∆vD
2
L/(1+z) (Solomon & Vanden Bout 2005)
in units of K km s−1 pc2. The XCO can be obtained by multiplying
αCO by 4.6× 1019 (e.g. Sandstrom et al. 2013). The αCO conver-
sion factor includes a factor of 1.36 for helium.
Current theory suggests that high surface density regions (with
greater gas temperatures and velocity dispersions) have a decreased
XCO value relative to that of our Galaxy (Narayanan et al. 2011,
2012). However, the accuracy of 12CO(1-0) as a tracer of the to-
tal H2 in low metallicity galaxies is more complex and difficult
to determine. An increase in XCO can be largely attributed to a
contraction of the emitting surface area relative to that of the H2
(Bolatto et al. 2013). In addition, this increase in XCO may be fur-
ther compounded or offset by a variation in brightness tempera-
ture due to variations in the heating sources (see Section 6.1 of
Bolatto et al. (2013) for a more detailed discussion). Therefore, de-
spite recent advances in theoretical modelling (e.g. Shetty et al.
2011; Narayanan et al. 2011, 2012), the XCO factor remains an
area of significant uncertainty in the study of H2 in collisional ring
galaxies.
To further investigate the molecular gas properties in the po-
tentially ‘overcooked’ ISM conditions of collisional ring galaxies,
we search for 12CO(1-0) in the ring galaxy VII Zw466. This galaxy
is an excellent candidate for such an investigation because of the
following: 1) we can discount the effects of metallicity, and 2) we
have already assembled an excellent repository of multiwavelength
observations such as the HI, Hα and the far-infrared (FIR) to con-
strain the atomic gas and star formation properties of this galaxy.
A previous attempt to measure the molecular gas content of
VII Zw466 has resulted only in upper limits (Appleton et al. 1999).
The molecular component is the least-explored but one of the most
crucial properties required to understand star formation. Therefore,
the aims of this paper are as follows: 1) to determine the molecular
gas content of VII Zw466 using the Large Millimeter Telescope
Alfonso Serrano (LMT; Hughes et al. 2010), and 2) to determine
the extent to which a variation of the XCO value can affect our
estimate of the total H2 mass.
The details of our observations and processing can be found
in Section 2. Section 3 presents the results of our observations.
We discuss the implications of our results in Section 4 and Sec-
tion 5 presents a summary of our findings. Throughout this paper
we adopt a ΛCDM cosmology of Ωm = 0.27, ΩΛ = 0.73 with a
Hubble constant of H0 = 73 km s−1 Mpc−1.
2 OBSERVATIONS AND PROCESSING
2.1 Observations
The 12CO(1-0) observations of VII Zw466 are obtained us-
ing the Large Millimeter Telescope “Alfonso Serrano” (LMT;
Hughes et al. 2010) and the Redshift Search Receiver (RSR;
Erickson et al. 2007) that are being commissioned at the peak of
Sierra Negra, Mexico. Our observations are obtained in June 2015
as part of the Early Science programme when only the inner 32 m
of the 50 m primary reflector is fully operational. Upon completion,
the LMT 50 m will become the world’s largest dedicated millimeter
single dish telescope, providing good spatial resolution and sensi-
tivity to extended emission.
The RSR (Erickson et al. 2007; Chung et al. 2009; Snell et al.
2011) is the ideal instrument for the purposes of this project as it
possesses an ultra-wide bandwidth that spans the frequencies of
73–111 GHz with spectral channel widths of 31 MHz (correspond-
ing to 100 km s−1at 93 GHz). Such a wide bandwidth maximises
the number of molecular lines that can be observed in a single snap-
shot. The RSR beamsize ranges from 20 arcseconds to 28 arcsec-
onds. We expect a beamsize of ∼ 20 arcseconds for the 12CO(1-0)
observations presented in this paper.
We observed VII Zw466 in a single pointing for a total inte-
gration time of 275 minutes over 4 nights (7–19 June 2015) in av-
erage weather conditions where Tsys ∼ 119 K. Figure 1 shows the
location of this single pointing overlaid on the three-colour map of
VII Zw466 from the Sloan Digital Sky Survey (SDSS; Alam et al.
2015).
The RSR has two beams that are used to observe the source
and the sky simultaneously in order to account for the atmospheric
contribution to our observations. Our observations were conducted
using the “wide beam throw” observing mode (where the two
beams are separated by 294 arcseconds). The telescope pointing
calibrator, QSO 1153+495, was used.
2.2 Processing
Our observations are calibrated and processed using the latest ver-
sion of DREAMPY, a software package written by G. Narayanan
for the purposes of calibrating and reducing LMT–RSR observa-
tions. As the entire RSR 38 GHz bandwidth is distributed across six
spectrometer boards, each individual spectrum is processed inde-
pendently. A linear baseline is fitted and removed from each spec-
trum after the removal of bad channels and/or spectra containing
strong baseline ripples. The resulting 38 GHz spectrum is produced
by co-adding all the individual spectra with a 1/σ2 weighting. We
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Figure 1. Three-colour SDSS DR12 (Alam et al. 2015) map of VII Zw466
and its two neighbouring galaxies, labelled ‘G1’ and ‘G2’. Blue: g-band;
green: r-band;and red: i-band. The green circle marks a representative 20-
arcsecond beam centred on the LMT pointing described in this paper. The
southern companion galaxy G2 is thought to be the intruder galaxy that trig-
gered the formation of the star-forming ring in VII Zw466 (Appleton et al.
1996; Romano et al. 2008). An HI bridge connects VII Zw466 and G2
(Appleton et al. 1996). The scale bar at the bottom right corner represents
10 kpc.
Figure 2. Fitting the calibrated RSR spectrum with a Savitzky-Golay (S-
G) filter in order to account for the artefacts present in our bandpass. Top
panel: the calibrated RSR spectrum overlaid with the fitted S-G filter (shown
in green). Bottom panel: the final spectrum after the S-G filter has been
subtracted. The dotted lines represent the ±3-σ level of this spectrum. The
small arrows mark the location of the redshifted 12CO(1-0) emission line.
The brightness scale of the above spectra is that of T ∗
A
.
show the reduced spectrum that has been corrected for atmospheric
losses, rear spillover and scattering in Figure 2 on the T ∗A scale.
Even though the RSR system and the DREAMPY reduction
pipeline are optimised to improve the stability in the spectral base-
line over the entire frequency range, some wide bandwidth arte-
facts remain (top panel of Figure 2). To reduce the effects of the
aperiodic ripples that remain in the reduced spectrum, we applied a
Savitzky-Golay (S-G) filter to the entire spectrum (Cybulski et al.
2016). We used an S-G filter with a 2nd order polynomial fit with
a width of 1 GHz. It should be noted that 1 GHz is significantly
greater than the width of any expected molecular line in our spec-
trum. The bottom panel of Figure 2 shows the resulting spectrum
after the S-G filter has been applied. The RMS of the spectrum
between 100 GHz and 111 GHz has decreased from 0.25 mK to
0.15 mK after the application of the S-G filter.
3 RESULTS
3.1 Integrated 12CO(1-0) intensity
The redshifted 12CO(1-0) emission line at 109.96 GHz is the only
emission line found in our RSR observations of VII Zw466 (bot-
tom panel of Figure 2). To convert to the main beam temperature
scale (TMB), we estimate the efficiency factor to be 0.47 in the fre-
quency range of 100–111 GHz. Figure 3 presents our detection of
this 12CO(1-0) emission line (on the TMB scale) with a signal-to-
noise of ∼ 10, centred on the assumed heliocentric velocity listed
in Table 1. We fit the emission line profile with a Gaussian (repre-
sented by the red solid line in Figure 3). We find the fitted velocity
width to be 137 (±39) km s−1 and the fitted integrated flux to be
0.426 ± 0.043 K km s−1. As the 31 MHz channel width corre-
sponds to 84.5 km s−1 at 109.96 GHz, we find the 12CO(1-0) line
width to be 108 (±50) km s−1. Uncertainties for the fitted param-
eters are obtained via bootstrap resampling.
For comparison, the integrated flux (SCO) measured from
the reduced spectrum is 0.430 ± 0.046 K km s−1. Following
Solomon & Vanden Bout (2005), we estimate the CO luminosity
(LCO) of VII Zw466 to total 1.6 (±0.5) × 108 K km s−1 pc2.
Assuming a uniform distribution of 12CO(1-0) across the entire
galaxy, we estimate a total SCO of 1.229 ± 0.078 K km s−1 for
VII Zw466 since our single 20-arcsecond pointing covers only
35 percent of VII Zw466. Therefore, we deduce that the total LCO
of the entire ring galaxy to be 4.6 (±0.8) × 108 K km s−1 pc2.
Using the correlations for weakly-and strongly-interacting
galaxies from Solomon & Sage (1988), we estimate LCO from
the FIR luminosity (LFIR; from the IRAS Faint Source Catalog
(Moshir & et al. 1990)) to range from 1.55 × 1010 K km s−1 pc2
to 1.49 × 109 K km s−1 pc2 for weakly-and strongly-interacting
galaxies, respectively. Assuming that collisional ring galaxies such
as VII Zw466 can be classified as a strongly-interacting star-
forming galaxy, the estimated total LCO is approximately 30.9 per-
cent of the expectedLCO. Therefore our measured LFIR/LCO frac-
tion is greater than that measured in giant molecular clouds (GMC)
in the Galaxy (Solomon et al. 1987; Mooney & Solomon 1988).
On the other hand, the LFIR/LCO fraction found for VII Zw466
is comparable to 11 of the 14 merging galaxies examined by
Solomon & Sage (1988).
3.2 H2 molecular gas in VII Zw466
The H2 content of a galaxy provides one of the fundamental build-
ing blocks from which stars form. Since cold H2 is not directly
observable, astronomers typically infer the H2 content of galaxies
from observations of 12CO(1-0). Many studies have found theXCO
conversion factor to vary depending on galactic environment, inter-
action history and metallicities (e.g. Scoville et al. 1991; Wilson
MNRAS 000, 1–?? (2016)
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Figure 3. A Gaussian fit (red line) to the 12CO(1-0) emission line from
VII Zw466 on the TMB scale. We assume the systemic velocity of
VII Zw466 to be the heliocentric velocity (14,490 km s−1) listed in Ta-
ble 1.
1995; Solomon et al. 1997; Hinz & Rieke 2006; Bolatto et al.
2008; Meier et al. 2010; Leroy et al. 2011; Genzel et al. 2012).
Recently, detailed theoretical simulations by Narayanan et al.
(2012) have modelled the XCO conversion factors as a function
of the metallicity and CO line intensity. As the metallicity of
VII Zw466 is approximately solar (Z = 1; Bransford et al. 1998),
the metallicity term in Equation 10 of Narayanan et al. (2012)
equals 1.0 and Equation 10 can be rewritten as:
XCO = min [4, 6.75×〈SCO〉
−0.32]×1020 cm−2 (Kkm s−1)−1
(1)
where SCO is the integrated 12CO(1-0) brightness on the TMB scale
in units of K km s−1. The minimum value is adopted forXCO from
the above equation because at low values of SCO, XCO appears to
be independent of the galactic environment and is limited mainly
by the fixed galaxy properties (see Narayanan et al. (2012) for more
details). Using Equation 1 above, we findXCO to be approximately
3.74 × 1020 cm−2 (K km s−1)−1.
Using MH2 = 5.5XCO(2 × 1020)−1LCO K km s−1 pc2
(Leroy et al. 2009) and assuming XCO = 3.74 × 1020, we find
the H2 mass of VII Zw466 to be 4.7 × 109 M⊙. We note that
this model-derived XCO is approximately 1.9 times the Solar
neighbourhood value of XCO=2 × 1020 cm−2 (K km s−1)−1
(Solomon et al. 1987; Strong & Mattox 1996; Dame et al. 2001).
Consequently, the estimated H2 mass is also greater by a factor of
1.9.
To ascertain the reliability of our derived H2 mass, we test
a second prescription for the 12CO(1-0)-to-H2 conversion factor.
Bolatto et al. (2013) recommends a simple determination for the
conversion based upon the metallicity (Z′), the average surface
density of molecular clouds (ΣGMC in units of 100 M⊙ pc−2) and
the total stellar plus gas density (ΣTOT):
αCO ≈ 2.9 exp
(
+0.4
Z′ΣGMC
)(
ΣTOT
100M⊙pc−2
)−γ
(2)
αCO is in units of M⊙ (K km s−1 pc2)−1, and γ ≈ 0.5 for
ΣTOT > 100M⊙ pc−2 (Bolatto et al. 2013).
Approximating the lower limit of the total stellar plus gas den-
sity to be the total stellar plus HI gas density, we assume that all
the gas and stars are located within the ring of VII Zw466 — a
torus with inner and outer diameters of 11 kpc and 21.8 kpc, re-
spectively (Romano et al. 2008; Appleton & Struck-Marcell 1987).
We estimate a total surface area of 278.2 kpc2. This is clearly a
rough approximation, however it suffices for the purpose of ap-
proximating the minimum total density of the ring. As such, we
find ΣTOT & 188M⊙ pc−2 for the ring of VII Zw466.
Estimating ΣGMC is difficult. While we expect high GMC
densities due to the confinement of the majority of VII Zw466’s
ISM to be within the star-forming ring, the consequence of
such ISM confinement actually leads to the enhanced destruc-
tion of molecular clouds due to: 1) expanding HII regions
(Bally & Scoville 1980; Maddalena & Morris 1987); and 2) cloud-
cloud collisions (Appleton & Struck-Marcell 1987). This results
in smaller molecular cloud fragments and photodissociated HI
(e.g. Higdon et al. 2011). If we assume a fiducial minimum and
maximum ΣGMC of 40 M⊙ pc−2 and 188 M⊙ pc−2, we find
that Bolatto et al. (2013)’s prescription results in αCO of 5.7 and
3.3 M⊙ (K km s−1 pc2)−1, respectively. These αCO values
correspond to XCO of 2.6 × 1020 cm−2 (K km s−1)−1 and
1.5× 1020 cm−2 (K km s−1)−1. Therefore, the estimated H2 mass
for VII Zw466 ranges from 1.9 × 109 M⊙ to 3.3×109 M⊙ using
the prescription from Bolatto et al. (2013) in combination with the
assumption that ΣGMC ranges between 40 M⊙ pc−2 and 188 M⊙
pc−2.
For a standard Milky Way αCO = 4.4M⊙ (K km s−1 pc2)−1
(e.g. Strong & Mattox 1996; Dame et al. 2001), we estimate MH2
to be 2.6×109 M⊙. Do the extreme ISM conditions within the ring
of this collisional galaxy lead to a variation of the XCO value as a
result of reduced shielding of molecular clouds against feedback
effects (Higdon et al. 2011, 2015) ? We find from our estimations
above that such variations in XCO values are likely to be relatively
small and may only be factors of 0.8 to 1.9 different to the standard
Galactic value. As such, we estimate that the MH2 of VII Zw466
to be between 1.9 × 109 M⊙ and 4.7× 109 M⊙.
4 DISCUSSION
4.1 Comparing our estimated MH2 to previous studies and
known scaling relations
In this section, we demonstrate the extreme ISM and star formation
properties of collisional ring galaxies by comparing multiwave-
length observations of VII Zw466 to standard scaling relationships
and correlations found in samples of nearby star-forming galaxies.
A previous search for H2 in VII Zw466 yielded an upper limit
of< 1.2×109M⊙ (usingXCO = 2.3×1020 cm−2 (K km s−1)−1;
Appleton et al. 1999). When we adopt the same XCO value as
Appleton et al. (1999), we find a totalMH2 of 2.9×109 M⊙. Such
a discrepancy in totalMH2 between the two sets of observations ar-
gues strongly against our previous assumption that the H2 content
is uniformly distributed across this galaxy. As such, it is likely that
the observed MH2 in our single LMT pointing accounts for at least
84 percent of the total MH2 in VII Zw466.
Using the 60 µm and 100 µm observations from the IRAS
Faint Source Catalog (Moshir & et al. 1990), we estimate that the
LFIR of VII Zw466 is 2.73× 1010 L⊙. From LFIR, we would ex-
pectLCO to be 8.4×108 K km s−1 pc2 and 1.6×108 K km s−1 pc2
from the isolated and strongly-interacting LFIR–LCO correlations
of Solomon & Sage (1988). Therefore if we classify VII Zw466 as
a strongly-interacting galaxy, we appear to have observed the total
LCO that can be expected from the LFIR of VII Zw466.
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Analogous to the LFIR–LCO correlation, the LCO–SFR cor-
relation is often observed in samples of low-redshift star-forming
galaxies (e.g. Saintonge et al. 2012). However, the LCO–SFR
correlation is likely to be stronger since we know that 12CO(1-0)
exists within the molecular clouds from which stars form, whereas
the LFIR–LCO correlation is correlating the emission from the
younger stellar population with the molecular gas content. We find
that the LCO and SFR for VII Zw466 is consistent with the ob-
served LCO–SFR correlation from Saintonge et al. (2012). In par-
ticular, our observed LCO from the LMT single pointing and the
SFR within the region (assuming SFR = 2.7 M⊙ year−1) is
consistent with gas depletion times between a few hundred Myr to
1 Gyr. In this case, the inferred depletion times varies depending on
the assumed XCO. However, the main result here is that the LCO
and SFR of VII Zw466 are consistent with star-forming galaxies
at low redshifts (Saintonge et al. 2012) and the general Kennicutt-
Schmidt relationship.
If we assume the H2 star formation efficiency (ratio of SFR to
MH2) to be a constant (as is often assumed for nearby star-forming
galaxies; E.g. Leroy et al. 2008; Wong et al. 2016), we can esti-
mate the H2 surface density from the star formation rate density
via this expression:
ΣH2 ≈
10−6ΣSFR
9.51 × 10−10
M⊙ pc
−2 (3)
where the star formation rate surface density (ΣSFR) is in units
of M⊙ year−1 kpc−2 (Leroy et al. 2008; Zheng et al. 2013;
Wong et al. 2016). Using the observed SFR from Romano et al.
(2008), we find that VII Zw466 has an estimated ΣSFR = 2.8 ×
10−2 M⊙ year−1 kpc−2 and ΣH2 = 29.4 M⊙ pc−2. Within the
region observed by the LMT single pointing (35 percent of the
total surface area estimated in Section 3.2), we expect MH2 =
2.9 × 109 M⊙, a factor of at least 1.8 greater than that estimated
from our early science LMT 12CO(1-0) observations assuming a
non-Galactic XCO conversion factor. Such a result suggests that
the star formation efficiency of VII Zw466 may not be consistent
with those of other nearby star-forming galaxies.
More recently, Huang & Kauffmann (2014) found that the
global molecular gas depletion time (tdep = MH2SFR ) correlates
strongly with the specific star formation rate (sSFR = SFR
Mstellar
).
Using the total stellar mass and global star formation rate of
VII Zw466 from Table 1, we find log sSFR = −9.8 year−1.
Following the sSFR–tdep correlation from Huang & Kauffmann
(2014) for a sample of nearby galaxies from the HERACLES sur-
vey (Leroy et al. 2009), we expect log tdep = 9.2. If VII Zw466
is a star-forming galaxy that is comparable to the HERACLES sur-
vey of nearby star-forming galaxies, we would expect VII Zw466
to have MH2 = 1.2 × 1010 M⊙ given its observed star forma-
tion rate and stellar mass from Romano et al. (2008). In our case
of VII Zw466, the sSFR–tdep correlation predicts MH2 to be a
factor of 3 to 6 greater than the total MH2 estimated from our
12CO(1-0) observations. In order to derive such a high MH2 from
our 12CO(1-0) observations, we would require XCO = 9.5× 1020
as well as ΣGMC = 17.6 M⊙ pc−2 using the prescription from
Bolatto et al. (2013). Such an extreme XCO suggest that it is un-
likely that any apparent H2 deficiency of VII Zw466 is due simply
to the assumed XCO. Therefore, any apparent H2 deficiency may
either be real or that VII Zw466 is dominated by CO-dark gas and
as such, is only 12CO(1-0)-deficient. See Section 4.3 for further
discussions on CO-dark gas.
We hypothesise that a CO-deficient result is a more extreme
form of the “[CII]–FIR deficit” found in ultraluminous infrared
galaxies (ULIRGs) at z = 0 where only approximately 10 percent
of the expected [CII] luminosity is observed (e.g. Malhotra et al.
1997, 2001; Gracia´-Carpio et al. 2011; Narayanan & Krumholz
2016). The [CII] emission originates from the outer layers of
molecular clouds which are destroyed by the strong starbursts in
ULIRGs. While CO resides in more shielded regions of molecu-
lar clouds than [CII] (Narayanan & Krumholz 2016), we posit that
there is insufficient shielding of the CO molecules from destruction
by in-situ star formation feedback due to the strong confinement of
the galaxy’s ISM in the ring.
4.2 Atomic Hydrogen and the molecular-to-atomic Hydrogen
ratio
Atomic Hydrogen (HI) can provide the initial gas reservoir from
which molecular clouds form, as well as the by-product of H2
photodissociation (e.g. Allen et al. 2004; Higdon et al. 2011). The
HI-normalised star formation efficiency (SFEHI = SFR/MHI)
is surprisingly uniform for nearby star-forming galaxies spanning
across five orders of magnitude in stellar masses (e.g. Wong et al.
2016). However, we find that VII Zw466 has an SFEHI =
10−8.72 year−1. This SFEHI is greater by factors of 6 to 17
relative to both the average SFEHI found in stellar-mass se-
lected and HI-mass selected samples of star forming galaxies
(Schiminovich et al. 2010; Huang et al. 2012; Wong et al. 2016).
Hence, the enhanced star formation rate and the possible HI de-
ficiency of this collisional ring galaxy makes it an extreme outlier
in terms of ISM and star formation properties relative to other non-
interacting star-forming galaxies.
Even though some studies find that stars do not form solely
from H2 but from cool gas (T < 100 K) that are able to shield it-
self from the interstellar radiation field (e.g. Glover & Clark 2012;
Hu et al. 2016), it is commonly-thought that stars form from H2
(e.g. Leroy et al. 2008). Assuming that the majority of stars form
from H2, the ratio of molecular-to-atomic Hydrogen (Rmol) re-
flects the efficiency with which molecular clouds form. The Rmol
of nearby galaxies have been found to strongly depend on local
conditions since the HI is more susceptible than the H2 to tidal
and ram pressure stripping (e.g. Chung et al. 2007; Vollmer et al.
2012). Processes such as tidal and ram pressure stripping are able
to remove a significant amount of HI from galaxies. Indeed, previ-
ous HI observations of VII Zw466 by Appleton et al. (1996) reveal
a disturbed HI morphology that bridges both VII Zw466 and its
neighbour, G2, as a result of past tidal interactions between these
two galaxies. Such displacement of the HI reservoir is likely to
contribute to the HI deficiency of VII Zw466. On the other hand,
recent studies have found that the Rmol in disk galaxies are gener-
ally governed by the hydrostatic disk pressure (Elmegreen 1989;
Wong et al. 2016), and easily traced by the stellar surface den-
sity (Σ∗; Leroy et al. 2008; Wong et al. 2013). In addition to the
disk pressure and the stellar potential, stellar feedback may also
play a critical role in gas collapse and molecular cloud forma-
tion (Elmegreen 1993; Elmegreen & Parravano 1994; Hunter et al.
1998; Wong & Blitz 2002; Blitz & Rosolowsky 2004, 2006).
The transition between an HI-dominated ISM and an H2-
dominated ISM occurs when Σ∗ = 81 M⊙ pc−2, Rmol =
Σ∗/81 M⊙ pc−2 (Leroy et al. 2008). We estimate Σ∗ to be
173 M⊙ pc−2, placing VII Zw466 in the H2-dominated ISM
regime. Similar to other HI-rich collisional ring galaxies (e.g.
Parker et al. 2015; Higdon et al. 2015, 2011), VII Zw466 resides
in a significant reservoir of HI (Appleton et al. 1996). In fact, the
expected Rmol from the estimated Σ∗ is 1.4. This translates to an
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expected MH2 = 5.6 × 109 M⊙, assuming the observed HI mass
of 4.1× 109 M⊙ (see Table 1; Appleton et al. 1996).
Assuming a uniform distribution of H2 across the entire
galaxy, we estimate the total MH2 from our 12CO(1-0) observa-
tions to range between 1.9 × 109 M⊙ and 4.7 × 109 M⊙ (see
Section 3.2). However, if this assumption is incorrect (as discussed
in Section 4.1) and that our LMT observations have detected the
majority if not all the available 12CO(1-0) in VII Zw466, then the
expected MH2 from the estimated Σ∗ is likely to be a factor of
5 greater than both our single pointing observations and those of
Appleton et al. (1999).
Unless a significant amount of CO in VII Zw466 is in the
form of CO-dark gas, the estimated Rmol from our LMT obser-
vations in combination with those of Appleton et al. (1999) range
from 0.18 to 0.29 depending on the assumed CO-to-H2 conver-
sion factor. Therefore it appears that the molecular gas content of
collisional ring galaxies such as VII Zw466 are possibly deficient
relative to its atomic gas content, which may also be deficient. This
result is consistent with the idea of enhanced destruction of molecu-
lar clouds through star formation feedback within the confined ring
ISM.
4.3 CO-dark molecular gas
So far, we have not included the contribution of CO-dark molec-
ular gas into our estimation of H2 in VII Zw466. Therefore it is
possible that we have underestimated the molecular gas reservoir in
VII Zw466. To recover the expected amount of MH2 from known
scaling relationships, the amount of dark CO gas will have to be at
least 2.6 times that of the CO-bright gas.
Recent high-resolution hydrodynamic simulations of the ISM
in a Milky-Way analogue have found 12CO(1-0)-dark gas to ex-
ist in a diffused, low surface density state that is typically less
shielded from the interstellar radiation field (ISRF; Smith et al.
2014; Glover & Smith 2016). A galaxy-galaxy collision is the
physical mechanism by which the high-density ring of VII Zw466
formed. However, we do not have sufficient angular resolution in
the gas mapping (12CO(1-0) and HI) of this system to accurately
determine the gas densities. Therefore, we are unable to rule out the
possibility for CO-dark gas in collisional ring galaxies even though
the confined high surface density ISM within the ring is in theory
not ideal for the existence of dark CO gas. While it is currently be-
yond the scope of this paper to provide further constraints on the
amount of dark CO gas, future observations of the millimetre dust
continuum (e.g. Wall et al. 2016), higher order CO transition lines,
other ionised carbon lines such as [CII] (e.g. Herrera-Camus et al.
2015; de Blok et al. 2016) and high density tracers such as HCN or
HNC can be used to help constrain the gas densities and possibly
the existence of CO-dark gas in VII Zw466.
4.4 Implications
Many models (e.g. Narayanan & Krumholz 2016) make the as-
sumption that Rmol increases as surface density of molecular
clouds increases. In general, this is confirmed by observations
of both interacting and non-interacting star-forming galaxies in
the nearby Universe. However, our 12CO(1-0) observations and
those of Horellou et al. (1995); Appleton et al. (1999) find that the
molecular gas content of collisional ring galaxies may not be con-
sistent with this assumption. The main reason for this is because
the entire star-forming ISM of the galaxy is now confined to within
the ring that is formed by the expanding density wave after the
collision. While we expect a temporary increase in the H2 frac-
tion shortly after the collision (due to compression of the ISM),
the amount of H2 is likely to decline quickly following its con-
sumption via the strong bursts of star formation within the ring
in the first 10 Myr (e.g. Pellerin et al. 2010; Henderson & Bekki
2016). Alternatively, the high H2 fractions of collisional ring galax-
ies such as VII Zw466 may remain hidden due to a CO deficiency.
We think that a CO deficiency is less likely since our observations
of VII Zw466 is consistent with the general Kennicutt-Schmidt and
the LCO − SFR correlations that are typically found from star-
forming galaxies.
The stellar and ISM properties of interacting galaxies are still
typically dominated by standard ISM conditions in regions that are
unaffected or shielded from the effects of the interactions, in addi-
tion to the interaction-affected regions. These interactions (be they
tidal or ram pressure) are typically not strong enough to alter the
density of both the stellar component and the ISM of the entire
galaxy.
Therefore, collisional galaxies represent a galactic-wide accel-
erated mode of star formation evolution whereupon the first episode
of interaction-triggered starburst immediately has a negative impact
upon the potential for subsequent star formation episodes. This ar-
gument is supported by young stellar ages observed in the stellar
population of the ring in collisional ring galaxies (Pellerin et al.
2010). Such extreme modes of star formation histories may be more
important at high redshifts when collisions are likely to be more
common. As such, the understanding of star formation under ex-
treme conditions is likely to impact our theoretical understanding
of gas, star formation and feedback throughout the cosmic history
of the Universe.
5 SUMMARY AND CONCLUSIONS
We report the discovery of 12CO(1-0) in the ring galaxy VII Zw466
using the RSR instrument during the early science commissioning
phase of the LMT. We find the CO luminosity (LCO) of VII Zw466
to be 1.6× 108 K km s−1 pc2.
Recent studies have found that 12CO(1-0) observations of col-
lisional ring galaxies are likely to underestimate the true amount
of H2 using the standard Galactic XCO value. In this paper, we
test two different prescriptions for converting between the observed
12CO(1-0) emission to the inferred MH2 from Narayanan et al.
(2012) and Bolatto et al. (2013). Using these two prescriptions,
we find that the estimated H2 mass for VII Zw466 is a factor of
0.9 to 1.9 times greater than that found from the standard Solar
neighbourhood XCO value. The estimated MH2 for VII Zw466
from our LMT observations ranges between 7.5 × 108 M⊙ and
1.6× 109 M⊙.
If we assume a uniform H2 distribution and scale the observed
MH2 to account for the entire surface area of VII Zw466, our esti-
mated totalMH2 ranges between 1.9×109 M⊙ and 4.7×109 M⊙.
However, we think that such an assumption may not be valid
since previous observations by Appleton et al. (1999) have found
an MH2 upper limit of < 1.2 × 109 M⊙ for this galaxy. There-
fore, we posit that our LMT 12CO(1-0) observations have detected
the majority of the 12CO(1-0) content in this galaxy and that the
molecular gas is not likely to be evenly distributed across the entire
galaxy.
We conclude that collisional ring galaxies represent the ex-
treme end of galaxy interactions and evolution whereby the ISM
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and star forming properties are distinct from other star-forming
galaxies that are isolated or experiencing non-collisional interac-
tions. Our results suggest that the an H2 deficiency in the star-
forming environment of the ring is likely real unless there exists
a significant amount of CO-dark gas. Also the apparent H2 defi-
ciency is unlikely to be explained by the variation of XCO from the
standard Galactic value.
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